LBL-12075 ¢+_
Preprint

UNIVERSITY OF CALIFORNIA

Submitted to Physical Review C

E1 TRANSITION PROBABILITIES FROM K" = 0~ AND K"
= 1~ STATES OF 238py

C. Michael Lederer

January 1981

Yo SLOT/~TGT

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



El Transition Probabilities from KT = 0~
and K™ = 1~ States of 238py

C. Michael Lederer

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

23 237 242

Radioactivity: 8Np [from Np(n,y)] measured E , I , Ice’ ICC. Cm
241 242, . - oy 238
[from Am(n,y)" " “Am(8~ )] measured EY’ Iy. Pu deduced
Tevels, J", tllz(leveTS), Ge(Li) and Si(Li) detectors.
Abstract
Levels of 238Pu were studied in the g~ decay of 238Np and the ao
decay of 24'ZCmﬁ Thirteen y-ray transitions were observed for the first

time, and additional information about multipolarities and mixing ratios
was obtained. An analysis of the y-ray branching ratios gives a measure
of the El transition probabilities between octupole-vibrational states
and the ground-state band, corresponding to Fw = 4.3 x 104 for ak =1
transitions, and Fw = 1.5 x 104 for aAK = 0, The latter transitions are
three orders of magnitude faster than those that occur in the isotone
236U, for which Fw(AK =0) = 2.2 X 107, from a direct measurement of
the half-1ife of the 01 state. Estimates of the hindrance factors for

El transitions from octupole states in other heavy nuclei are given,

and the validity of the calculations on which they are based is discussed.

Thig work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Division of Nuclear Sciences of the
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1. Introduction

Studies of the reactions 235U(d,py),l 236U(d,d'),2 and Coulomb
excitation3 support an assignment KI" = 017 for the 688-keV state of
236 4,5

U, rather than 227, as proposed from decay-scheme studies. The
high conversion coefficients for El transitions de-exciting the state,
which were the main evidence supporting the 22~ assignment, can be
understood generally in terms of the systematics of anomalous con-

version6“8

,(see fig. 1), although the observed anomaly in the LIII
conversion coefficients4 is a new phenomenon, for which further
experimental confirmation and theoretical understanding are needed.
Given the 01”7 assignment, the high hindrance of the El transitions
is inconsistent with the macroscopic description of the state as an

octupole-vibrational shape excitation. The theoretical description of

such a state includes significant mixing with the giant dipole excita-

tion, resulting in El strengths of 10‘2 to 10“3 Weisskopf
um“ts,g—11 compared to 1077 in 239y,
There is qualitative evidence that the El transitions in 236[1

are "anomalous" compared to those in neighboring nuclides: (1) only in
236U does the intraband E2 transition dominate the de-excitation of
the 03~ state so completely that no El transitions are observed from

that state; (2) no other case of anomalous conversion of El transitions



from octupole states of heavy nuclei is known.* Better
estimates of El transition rates in this region are generally
Tacking, due to an absence of direct half-Tife measurements. Peker

and Hami1ton12

reviewed some transition-rate and branching-ratio data
in spherical as well as deformed nuclei, and concluded that the El
transitions are not collective. The systematics of the isotopes of
radium through plutonium are of special interest, because the octupole

states in this region have very low, smoothly varying energies

characteristic of collective states.

238 242

The present study of the decay of Np and Cm provides new

data sufficient to permit estimates of the E1 Tifetimes for the K = 0

238 . U s
Pu, by comparison of the El1 intensities

and K = 1 octupole states in
with the intensities of competing, rotation-admixed transitions

(K" =17 » K" = 07) whose rates can be calculated from theory. In
section 4, this calculation is developed and applied to other nuclei

for which sufficient data exist.

*Conversion coefficients or limits have been measured for aK = 0 El
transitions in most of the nuclides listed in Table 5 (see ref. 8).
The measured limit is less than twice the theoretical value in all
cases, and, in the best-measured cases, ag is equal to the theoreti-
cal value to within 10 percent. By contrast, the K and Ly+1g
conversion coefficients of the 688-keV transition in 236y are 37 and
67 times the theoretical values, respectively.



2. Sources and Instrumentation

238 237

Sources of Np were prepared by irradiation of NpO,(NO,) in the

2 3)

13 neutrons

University of California Triga reactor at a flux of 10
per cmz-s for about 1 day. The resulting activity was purified by
anion exchange of the chloride cbmplex, and thin sources for electron
spectroscopy were prepared by vacuum sublimation onto a l-mil aluminum
backing. Collimators used to define the area of the electron source
served as gamma-ray sources for most measurements.

The gamma~-ray spectrum was measured using three different detector
systems: a 12 cm3 Ge(Li) detector with resolution 2.3 keV at 1 MeV,
al cm3 Ge(Li) detector with resolution 1.6 keV at 1 MeV, and a
Ge(Li) Compton suppression spectrometer at Lawrence Livermore
Laboratory with resolution 2.2 keV at 1 MeV. Conversion electrons
were studied with a 5-mm thick by 1 cm® Si(Li) detector, resolu-
tion 2.6 keV at 1 MeV. Electrons coincident with K x-rays were
measured with the Si(Li) detector and a 1.5 x 1.5-inch NaI(T1)
scintillator.

242

A source of Cm was prepared by irradiation of 30 mg of pure

241 14 2 .
Am at a flux of 107" neutrons per cm™-s for 2 weeks. The resulting

242 243 2426m) in an

sources contained Cm and Cm (from neutron capture by
activity ratio 1:8x10"6, Americium and curium were separated from
fission products by elution from a cation-exchange column with HC1-
saturated ethanol; curium was then separated from the americium by

elution from a cation-exchange column with 0.28 M o-hydroxyisobutyric



acid buffered to a pH of 4.8 at 87°C. Sources were evaporated to

dryness as CmC]3 in a Pyrex tube, and sealed under helium at 1 atm.

242

The helium atmosphere suppresses nuclear reactions induced by Cm

L (a,p) 0%, which yields

242

o particles, particularly the reaction

an 871-keV y ray that is intense compared to the weak Cm v rays.

242 3 (L7)

The y-ray spectrum of Cm was studied with the 12 cm” Ge

detector.

Gamma-ray energies were calibrated with standards measured before

and after or, in some experiments, simultaneously with the 238

242

Np or
Cm source. The photopeak efficiency functions of the detectors
had been calibrated previously with sources whose absolute or relative

y-ray emission rates were known to ¥1%. The electron-energy scale was
calibrated with the measured y-ray energies of stronger lines. The

efficiency of the electron detector has been shown to be linear in the

207

region of interest (<1 MeV) by measurement of electrons from “"'Bji

and 180m 13

Hf decay.



3. Experimental Results

238

3.1 Np decay

3

The y-ray spectrum was studied primarily with the 12 cm” and

Compton suppression spectrometers. Several closely-spaced lines were

3 detector; fig. 2 shows the spectrum in

studied also with the 1 cm
the region of the 936.61- and 941.38-keV y rays, analysis of which
indicates the likely presence of the weak 938.95-keV y ray. Table 1
Tists the measured energies and intensities and compares them to the
previbus work.14 In general, there is good agreement. The energies
of most y rays above 900 keV measured by Winter et a1.14 are more
precise, and have been adopted. Below 900 keV, the two sets of ener-
gies are of comparable precision; I have adopted averages that take

242Cm°

into account also the y-ray energies measured in the decay of
Column 3 Tists the adopted energies.

The y-ray intensities measqred in the present work (column 4 of
Table 1) are in agreement with those measured previously (column 5).
I have adbpted the present results for use in the following
discussion. The intensities in column 4 are in units of photons per
100 decays, normalized by equating the sum of the total (y * e7)
intensity of the ground state transitions to 100%. This normalization
yields an absolute intensity of (27.8 = 0.8)% for the 984.45-keV v ray,

15 (

in poor agreement with a directly measured value, 23.8 = 0.6)%.

Note that the uncertainties in column 4 do not include the uncertainty



in the absolute normalization, nor do the values in column 5,
which have been normalized to 27.8 units for the 984.45-keV
y‘ray to facilitate comparison.

Transition intensities Tisted in the last column of Table 1 are
based on the photon intensities, on conversion-electron intensities
measured in the present experiment, and on theoretical internal con-

16 A portion of the conversion-electron singles

version coefficients.
spectrum is shown in fig. 3. The electron spectrum was also measured,
with poorer statistics, in coincidence with K x-rays (+101.90-keV y
rays). The coincidence measurement suppresses both the high-energy

g~ continuum and the L, M, N ... lines, making it possible to observe
some weak lines and to identify K-lines masked by L- or M-lines.

Table 2 gives the resulting conversion coefficients, normalized to the
theoretical K-conversion coefficient for the 1028.54-keV E2 transition.
Because of the higher precision of the present conversion éoefficients,

I have not listed the previous data,14

which are in agreement. The
present results provide data on 7 weak transitions whose conversion
coefficients have not been measured preVious]y. These include 4
interband transitions between odd-parity bands, for which the E2/M1
mixing is determined. Precise conversion coefficients for the strong
transitions from the gamma-vibrational band establish low limits on
possible Ml admixtures. The weak 941.5K Tine, observed as a shoulder
on the 938.95K line (fig. 3), is assigned as the 00+' » 00+ pure EO
transition. Although its energy corresponds to that of the 941.38-keV

vy ray, the K-conversion intensity of the latter transition, whose



multipolarity is El according to the decay scheme, is expected to be
only 2% of the intensity of the observed line. Multipolarities based
on the conversion data are given in the Tast column of Table 2.

Nine transitions are observed for the first time in the present
study. ATl except the 220.87-keV transition are placed readily in the
level scheme of 238Pu. Although this weak transition could be due
to impurities in the y-ray and electron- spectra, the observation of K
and L lines at the expected energies (#0.5 keV) is evidence that the
transition is converted in Pu. Its conversion coefficients are
consistent with a pure M2 multipolarity.

238Np. Since this scheme

14,17

Figure 4 shows the decay scheme for
does not differ significantly from that proposed previously,
only the new features are discussed here. New transitions are placed
as follows. The 157.42-keV 06+ > 04+ transition is well established

242Cm, In 238

from the decay of . Np decay, the 06+ state is fed by the
459.8-keV transition from the 05 state at 763.27 keV, which has been
observed for the first time in the present study. This state also
decays by a 617.3-keV 05 » 04+ transition that is masked by the
stronger 037 » 02+ transition; its y-ray intensity is estimated to

be 3.0 times that of the 05 » 06+'photon from an analysis of the

band structure (see section 4.1). The 05  state is fed by the
319.29-keV transition from the 1082.59-keV 44  state; a zero intensity
balance (within uncertainty) is calculated for the 05  state, con-

sistent with the expected absence of direct 8 feeding. New transitions

i
of energy 321.75 and 378.05 keV de-excite the well-established 02+



state. Transitions of energy 897.33 and 941.5 keV (EQ) de-excite the

OO+' member of this band; although not observed in previous studies

238 242

of Np, they are well established from the decay of Cm. A

336.38-keV y ray, which also de-excites this state, is too weak to have

238

been observed in the decay of Np; its intensity and that of the

983.0-keV 02+ > OO+ y ray, which is masked by the much stronger

984.,45-keV y ray, are calculated from the branching ratios measured in

242

the decay of Cm. A tentative level at 968.2 keV was proposed in

17,14

previous studies. The present measurements neither support nor

refute its existence; it is shown in fig. 4 for completeness.

242

3.2 Cm decay

242Cm are shown in Table 3.

243

Gamma-ray energies and intensities for
Because of possible self-absorption and interference from Cm
decay, the spectrum below 300 keV was not studied exhaustively, and
the intensities of the 06+ > 04+ and 04+ > 02+ transitions are not
quoted. The absolute intensity of the 561.11-keV vy ray is estimated
to be (1.5 £ 0.4) x 10“4% from the relative intensities and a

previous ay coincidence determination of the sum of the absolute

intensities of the 515.25-, 561.02-, 605.04-, and 617.22-keV vy rays.
242

18

Cm on the
238

Gamma rays have been assigned to the decay of

basis of rotational bands in 238

238

Pu known from the decay of
242

Np

and Am. Weak y rays in the spectrum can be due to Cm decay,

or to spontaneous fission (that is, to the de-excitation of fission



fragments, or to the g~ decay of fission products). The maximum
possible intensity of a fission y ray is 0.1 x SF/a = 7x10“"9 per o
decay, equivalent to 0.5 units on the relative intensity scale of
Table 3. Several y rays in the observed spectrum can be identified

with known fission products, and many others are assigned to the

240

fission mode by comparison with the spectrum of Pu, which has a

similar SF/a ratio but weaker y rays associated with the a-decay

14,19

mode. On the basis of this comparison, it is very unlikely that

even the weakest y rays in Table 3 are associated with the spontaneous
fission mode.

The decay scheme is shown in fig. 5. Energies of the y-ray
transitions shown on the scheme are adopted values, as described in

238

section 3.1. New levels of Pu are established at 1018.6 and

1175.8 keV. Alpha-decay hindrance factors shown in fig. 5 are

calculated from the one-body, spin-independent model of Preston.20
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4. Discussion

238

4,1 E1 Transition Rates in Pu; the Rotation-Admixing Model

Rotational transition rates are given by the expression:21

5 2.2 2
B(E2) = 75— €°Q) (I1,K 2 01K}

where QO is the intrinsic quadrupole moment, and <IiKi] Kf—Ki[Ifo>

is the vector-addition coefficient. With an assumption about the
variation of Qo from one band to another and from nucleus to nucleus,
rotational transitions can serve as standards with "known" transition
rates, against which one can measure the half-lives of tﬁe states they
de-excite and the rates of competing transitions. In the calculations
that follow, the value of Q0 for the 02+ » OO+ ground-state transition
of an even-even nucleus is used for all rotational. transitions in the
same nucleus. By use of this assumption, Bohr and Mottelson estimated
the rate of the 03~ » OZf El transition, in competition with the

228, 22

037 » 017 rotational transition* in Th. Recently, Kurcewicz

et al. have applied the same technique in 224Ra.23 In 238Pu, rotational

transitions have not been observed within the odd-parity bands. However,

*The existence of the rotational transition upon which this calculation
was based is not confirmed in more recent experiments.3
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interband E2 transitions between the K" = 17 and K" = 07 bands also
can serve as decay-rate standards, as is shown in the following dis-
cussion. These transitions occur by virtue of Coriolis mixing between

states of the two bands, whose wave functions can be represented by:

I - I . I
¢1ower - ¢K=O *a (1) ¢K=1

I I I
¢upper = Py -2 (1) P -0

where [ is the spin of the state,
f(I) = I (I +1)

and a is a variable (spin-independent) parameter representing the strength
of the Coriolis coupling. (Since |a| << 1, I have omitted the coefficient
(V]faz) of the larger terms in the wave functions.) The interband E2

transition probability is given by:

B(E2) = 13- %02 [F(I)(1,1 2 O|1,D) - F(I,)(1,0 2 0[L007° (3)

where Ii and If are the spins of the initial and final states, respectively.
The mixing parameter a can be estimated from the El branching
ratios as follows. The reduced branching from any member of the Tower

(K = 0) band to a member of the ground-state band is given by:

: « 2
W(EL; T;5Lc) = [{1;0 1 0[1.0) + z,f(I.)<I,1 1 -1[1.0)] (4)
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where

- +
3 (171EL10

Z =
0 " omperno™

and <K“HE1HO+> is the reduced (spin-independent) E1l transition rate.
By use of this relationship, z; can be determined from the relative
El branching from any member of the K™ = 07 band. Similarly, the

reduced branching from any odd-spin member of the K" = 17 band is

given by:
2
WEL; T5le) « [(1,1 1 -1[I00 + zyf(1,)¢1,0 1 0[I10)] (5)
where
_ _(0TIELOD
ST ———
C1THELNO D

from which it follows that
a = Y7574 ' (6)

and

CONELOD
_ En
CUTNEWO D

, m (7)
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In 238Pu, the expefimenta] El branching ratios from the 017 and 03~

*
states yield a consistent value of zy = -0.029 = 0.005. The E1
branching ratio from the 117 state yields Z = 0.0819 + 0.0039. From
eqs. 6 and 7,

la] = 0.0485 = 0.0043

and

|.<_Q1I_£w_<£z; = 1.6 # 0.15

AELOTY |

From eqs. 1 and 3 (using a ha1f—]ife8 1.73 x 10"10 s for the 02+ state

238

of Pu), the half-life of the 962.77-keV state is estimated to be

12

(6.2 £ 1.2) x 107°° s; the partial half-life of the 962.77-keV El

*The 03~ » 02% y ray (617.36 keV) masks the weaker 05- > 04% y ray of
the same energy. The intensity of the latter y ray is estimated from
I.(05= » 06%) and eq. (4), using the adopted value of zy and iterating
to obtain self-consistency. It is also possible to obtain purely
experimental E1 branchings from the 03~ and 05~ states, by use of the
y-ray intensities measured in the decay of both 238Np and 242Cm, since
the two parents populate the states in different proportions. Due to
experimental uncertainties, th1s method yields only an upper 1limit for
the intensity of the 05~ » 04 transition, which is consistent with
the value adopted.
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transition is 1.2 x 10“11 s, corresponding to a hindrance factor*
Fw = 6.0 x 104. Correction for the AK =

0 component of the
transition (eq. 5) yields

FQK=1 - 4.7 x 10%

Similar analysis of the EL1/E2 competition in the decay of the 985.46-keV
127 state yields for the 941.38-keV transition

Fy = F@K=l - 3.9 x 10

An average value, FﬁK=l = 4,3 X 104, is adopted for the band; from
eq. 7, one obtains FﬁKzO - 1.5 x 107,

Predicted half-lives of the
states are summarized in Table 4,

*Hindrance factors are defined relative to a modified Weisskopf
single-particle estimate:

2
(1K1 K=K, [ TKD
_ 14 ,2/3.3 “i7iT f iUUfRf
XSP = 1.0 x 107" A EY 173

where E, is the y-ray energy in MeV, the vector-addition coefficient
is included to make the estimate spin-independent, and the factor

1/3 [=41 K1 -K;10 0%2] is included to normalize to the conventional
Weisskopf dstimate for ground-state transitions.
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4.2, El Transition Rates from Octupole States in Other Heavy Nuclei

The rotation-admixing model developed above can be used to estimate
El transition rates in other nuclei for which sufficient data on relative
branching are available. Results are presented in Table 5. The following

are comments on specific nuclei:

224 AK=0

Ra: The data are from ref. 23. Fw is derived from a direct
comparison of the intensities of El transitions with the intensities
of competing rotational transitions. The value given is the geometric
mean of the values estimated for the 03~ > 02 and 05~ » 04" transi-

4 and 2.4 x 104, respectivélye These values have been

tions, 0.6 x 10
corrected for the aK = 1 component of the transitions by use of the
mﬁxing parameter z, derived from the E1 branching from the 01~ state.
The estimates are not subject to-possible violations of the

model (see below), but no information is obtained about the ak =1
transition rates. With the assumptions that the K" = 17 band lies at

about 1 MeV and that the strength of the mixing between the K" = 17

and 0 bands is about 1/2 of the theoretical estimate (eqg. 10) one can

aK=1 aK=0
W W

life estimates obtained here (0.27 ns for the 03~ level, 0.11 ns for the

estimate that F = F It should be noted that the half-

05~ level) disagree with the published values calculated (apparently) by

the same methoda23

228Th: zg is a weighted average of values for the 017, 037, and 05~

states, derived from several measurements reported in ref. 8. Although
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the K" = 17 band has been identified tentatively, some of the
transitions by which it decays have not been observed. In order to
estimate z4 and thus the ratio of aK = 0 to aAK = 1 E1 matrix elements,
it was assumed that the strength of the mixing between the K™ = 17
and 0° bands is 1/2 that predicted by eq. 10. The El strength is
calculated from the relative intensities of the 117 » 02" and 117 » 03~
transitions.

230Th: The required data are known, but without uncertainty
limits. The information in Table 5 is derived from several measure-
ments of relative y-ray intensities and E2/M1 mixing reported in

ref. 8. A consistent value of z is derived from the E1 branching

from the 017 and 03~ states, of zq from the 117 and 13~ states. The

estimate for FﬁKzO is the geometric mean of the values 1.7 x 104,
0.9 x 104, and 6.4 x lO4 for the 117, 127, and 137 states,
respectively.

. 236 236

U: The data, derived from the decay of Pa and 236Np and the
reaction 235U(d,py), are summarized in refs. 8 and 1. The value of 25 -0.012,
is derived from the branching from the 11~ state; the branching from the

137 state yields Zq = +0.061, which is inconsistent with this value and

with the rotation-admixing model, which requires that z4 and 2 have

opposite signs (see egs. 6 and 7). The E2 content of the rotation-admixed
transitions is unknown; the calculations are based on the assumption

that they are pure E2 transitions, and thus provide upper limits for

AK=1

the hindrance factors FW° Fw is derived from the E1/E2 compe-

tition in the decay of the 11  state; the value (Table 5) is consistent
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with the approximate value <I1.5 x106 derived from the decay of the 12~

AK=0
W a

the experimental value derived from the directly measured half-life of

state. There is close agreement between the estimate for F nd
the 017 state. On the other hand, the inconsistency of the Z4 values
noted above is a serious violation of the model. This problem is
considered further in section 4.3.

238U: The data are derived mainly from unpublished Coulomb-excitation

resu]ts.24’25

The value of Zg> -0.005%0.002, is calculated from the precisely
measured E1 branching from the 03~ state; the value derived from the

01" state branching (+0.03 % 0.01) has the opposite sign, although

the two values differ by only about three standard deviations combined

error. The value of zy is a simple average/(with expanded uncer-

tainty limit) of the values defived from the branching from the 117

W

is an average of the values 3.0 x 106 for the 117 state and 3.4 x 106
5

and 13~ states, +0.23 = 0.02 and +0.13 i‘0.0l, respectively. pak=1
for the 127 state. It is inconsistent with the value 1.2 x 107 deduced
from the E1/(interband-E2) branching from the 13~ state.

According to ref. 24, rotational tranéitions compete with interband
transitions in the de-excitation of the 037 and 137 gtates. (The
rotational transitions have not been observed directly. Their inten-
sitieé aré inferred from the strength of the indirect Coulomb excita-
tion of the 017 and 11™ states.) The El/(intraband-E2) branching ratios
AK=1 AR=0 _ 5 164. These

W W
values are in agreement with the values deduced from the rotation-

from the two 3~ states yield F = 1.0 x 105, F

admixing model. Both methods support the conclusion that the aK = 1
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transitions from the 13~ state are less hindered than those from

lower-spin members of the same band.

4.3 Validity of the Rotation-Admixing Model

The model described above involves assumptions that the interband
E2 transitions are due to the mixing between the bands containing the
initial and final states, and that the strength of this mixing can be
estimated from the El branching ratios. The first assuhption is
supported by the following considerations:

1) The interband E2 transitions have estimated strengths of
approximately one single particle unit. It is unlikely that
any transition between intrinsic (Nilsson) states would be this
fast. In fact, calculations of E2 strengths in deformed nuclei
are commonly made under the assumption that the E2 transitions
result from rotational admixtures.

2) Any admixtures other than those between members of the initial
and final bands would result in E2 strengths proportional to
a(24), whereas the postulated transitions have strengths pro-
portional to az. Because the mixing parameter a is approxi-

mately 0.05, rotational transitions due to other admixtures

would be at least 400 times slower.



19

3) The observed branching ratios of the interband E2 transitions
are consistent (but not exclusively so) with eq. 3. For
example, the calculated value for wY(EZ; 11”903“)/Wy(E2; 1175017)

230

is 2/3; experimental values are 0.62 for Th and 0.61 = 0.07

238Pu.

for

The derivation of the mixing parameter a from experimental E1
branching ratios is subject to a number of problems noted in the
discussion of individual cases (section 4.2): the observed values of
Zy and zq do not all have opposite signs, as required by Eqs. 6
and 7, and inconsistent values of zy are obtained in some cases from
the analysis of the branching from different members of the same band.
However, there are other methods for estimating the strength of the
interband mixing. For the purpose of comparison, it is convenient to
quote the reduced matrix element [KK"=1TIH'IIK"=07) | = [aaE], where aE
is the energy spacing between the two bands (taken to be the spacing

between the bandheads). Based on the El branching ratios (eq. 6), the

magnitude of this quantity is given by:

From the compression of the rotational spacing of the K" = 07 band,

| ATIHI07Y] = \/[A(gsb)-A(o“)] AE | (9)
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where
po b
o
is the rotational constant for the band. From a theoretical (Coriolis)
éstimate,21
(17 4H"0™)Y = /24 A(gsb) (10)

The estimate represented by eq. 8 may be too high, too Tow, or
meaningless (i.e., imaginary) because of mixing with other bands.
(The K" = 17 band is more likely to contain other admixtures, since
it occurs near the pairing gap, and thus probably lies close to other
0~ bands.) Eq. 9 represents an upper Timitvto the mixing,
provided the 0~ band does not have a larger deformation than the
ground-state band.* Eq. 10 is a rough estimate of the maximum
Coriolis effect, and may be taken to be an approximate upper limit.
Table 6 compares the matrix elements calculated by the three
methods. Egs. 8-10 yield comparable results, and the matrix ele-
ments are approximately constant from one nucleus to the next. The
agreement adds some confidence to the results presented in Table 5. A
value of 1/2 the Coriolis estimate (eq. 10) has been used in the

above discussion where sufficient data are lacking to use eq. 8. The

*This condition probably is not met in 224Ra and, perhaps, in 228Th,
in which small rotational constants of the K™ = 0° band (relative to
that of the ground-state band) and deviations from the systematic
relationship between the estimates given by eqs. 9 and 10 (a factor of
=1.5) suggest that the octupole band is more deformed.
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same estimate would probably be better than the one used for 238U in
Table 5; i.e., the matrix element and the mixing parameter a should be

about twice as large, and FﬁKz] about 1/4 as large as the values

tabulated.
Except as otherwise noted, the above discussion assumes that the
octupole bands are well behaved, i.e., that the reduced matrix elements

are spin-independent. This is not a necessary assumption of the model,

and the analysis indicates that the aAK = 1 El matrix elements in 238

are larger for the decay of the 137 state than for the decay of the

ll"‘andylz“ states. Similarly, the decay of the 03~ and 05  states

224

of Ra are characterized by different values for the reduced aAK = 0

matrix elements. The latter conclusion does not depend on assumptions

224

of the rotation-admixing model, since the estimates for ~~'Ra are

based on a direct comparison with rotational transitions.
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5. Conclusion

Hindrance factors for El transitions from octupole states in the
Ra — Pu region vary from 2 x 103 to 2 x 107. Especially dramatic is the

variation of over two orders of magnitude in the aAK = 0 transition rate

between 236U and 238

isotones 236U and 238Pu. The variation in aK = 1 transition rates is

U, and over three orders of magnitude between the

only slightly smaller, and the ratio of aAK = 0 to aAK = 1 transition
rates varies sharply in this region. It is possible to interpret the

results as a relatively smooth trend interrupted by an anomaly at

236“238U, By contrast, the El transitions in gadolinium and dysprosium

isotopes behave quite regularly, with FQK=O

ﬁKzl on the order of 3 x 105.26

on the order of 400,

F
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Table 1. Gamma Rays of 238np
Ey(keV) Iy(%)¢
Present Winter Present Winter
Work et. al.d AdoptedP work et al.2 Itrans. (%)@
44.08(3) 44,08(3) 0.09(1)F  =0.05 79 (4)
K“Z X~Tray 0.20(1) 0.18
101.93(4)  101.88(2)  101.90(3)9 0.27(1)  0.285(6)  4.3(2)
Ku1 X=ray 0.30(1) 0.29
114.4(4) 114.4(4) 0.006(1)  0.057(9)
119.9(1) 120.14(5)  119.9(1)" 0.103(7)  0.114(6)  0.48(3)
132.49(11)  132.6(6) 132.49(11)" 0.0028(2)  0.0032(19)  0.0035(3)
157.4(3)? 157.42(5)" =0. 001 =0.003
173.78(11)  174.06(8)  174.0(2)° 0.026(1)  0.031(3)  0.030(1)
220.87(11) 220.87(11)™*  0.0034(4) 0.042(5)
301.19(12)  301.81(19)  301.4(3)° 0.012(1)  0.014(3)  0.015(1)
319.29(11) 319.29(11)" 0.009(1) 0.015(3)
321.75(20) 321.75(20)" 0.0013(6) 0.0013(6)
323.95(9)  324.08(17)  323.98(9)° 0.016(1)  0.019(3)  0.020(2)
357.60(9)  357.64(7)  357.62(7) 0.053(3)  0.061(6)  0.064(4)
378.05(13) 378.05(13)" 0.0033(6) 0.0034(6)
380.28(13)  380.33(22)  380.29(13) 0.0120(6) 0.014(3)  0.013 to 0.020
421.15(11)  421.12(16)  421.14(11)7 0.023(1)  0.027(3)  0.025 to 0.035
459.8(2)? 459.80(22)" =0,003 0,003
515.58(12)  515.47(17)  515.5(2)% 0.043(2)  0.039(6)  0.043(2)
561.09(10)  561.15(7)  561.11(7)9 0.114(2)  0.120(6)  0.115(5)
605.24(13)  605.14(9)  605.13(9)9 0.079(4)  0.086(8)  0.079(4)
617.45(12) 617.39(11)  617.36(11)9°%  0.074(4)  0.081(8)  0.075(4)
837.18(15)  837.0(4) 837.11(15)" 0.028(2)  0.021(6)  0.028(2)
882.65(7)  882.63(3)  882.63(3) 0.87(3)  0.89(4) 0.88(3)
897.28(20) 897.33(10)" 0.008(1)  <0.01 0.008(1)
918.70(7)  918.69(4)  918.69(4) 0.59(2)  0.060(3)  0.59(2)
923.99(6)  923.98(2) 923.98(2) 2.86(9) 2.89(14)  2.90(9)
936.57(9)  936.61(6)  936.61(6) 0.40(1)  0.39(2) 0.40(1)
939.00(10)  938.6(5) 938.95(10)’ 0.026(3)™  0.036(17)  0.141(6)
941.39(6)  941.38(5) 941.38(5) 0.55(2)  0.53(3) 0.55(2)
941.5(3) 941.5(3)" (pure EO) 0.012(2)
962.80(7)  962.77(3)  962.77(3) 0.70(2)  0.71(4) 0.70(2)
968.9(4) 968.9(4) <0.04 0.017(6)  0.019(6)
984.46(7)  984.45(2)  984.45(2) 27.8 (27.8) 28.2
1025.87(6)  1025.87(2)  1025.87(2) 9.7(6) 9.6(5) 9.9(6)
1028.54(6)  1028.54(2)  1028.54(2) 20.3(8) 20.2(10)  20.6(8)
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Table 1, Footnotes

From ref. 14. The intensities are normalized to present value for
the 984.45-keV y-ray.

From ref. 14 unless atherwise noted.

Photons per hundred decays of 238Np, normalized as described in
the text. The uncertainties do not include a 3% uncertainty
in the normalization factor.

The present values are adopted unless otherwise noted.

From the measured photon intensity and measured or theoretical
internal conversion coefficients. (The intensity of the 44.08-keV
transition is derived from the intensity of the M line and the
theoretical conversion coefficients.)

Adopted value 0.099(5), from Iy and the theoretical conversion
coefficients.

Weighted average of the present values measyred in 238Np and
242Cm decay, and the value of Winter et al.ld

(238

From the present measurement Np decay).

From the present measurement.(242Cm decay).

(238Np decay) and the

Weighted average of the present measurement
value of Winter et. al.14

Doublet: I. = 0.065 and I, = 0.009 for the 03— » 02* and
05— > 04% transitions, respectively. See Section 3.1.

eighted average of the present values measured in 238Np and
42Cm decay.

From the intensity of the 837.18-keV y ray and the branching ratio
v939/vg37 measured in 242Cm decay.

Not placed in the decay scheme.
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Table 2. Internal conversion coefficients in the decay of 238yp
Internal Conversion Coefficient®
E, (ke¥) Shell  Experimental £l £2 M3 M1 M2 MoTtioTarity
44,08 ue 175(20) 0.216 162 10800 12.2 741 €2
101.90 L 11.2(6) 0.0959 10.7 258 4.31 62.6 £2
(Lf)/ty  1.61(5) 3.10 1.63 1.94 226 4.22
119.9 L 2.8(6) 0.0626 5,00 105 2.68 31.4 MI, <13% £2
M 0.69(6) 0.0153 1.40 32.3 0.652 8.63
N 0.23(3)
220.87 Kef 6.7(15) 0.0646 0.132 0.29 2.36 7.60 M2?
19 4.0(10) 0.0136 0.344 4.21 0.473 2.81
319,29 K® 0.49(20) 0.0289 0.0702 0.180 0.851 2.34 M1+46(26)% E2
323.98 K 0.17(5) 0.0280 0.0684 0.175 0.817 2.24 M1+86(7): E2
357.62 K 0.13(2) 0.0228 0.0572 0.148 0.623 1.65 M1+87.0(35)5 E2
382.63 K 0.0115(8)" 0.00410 0.0116 0.0263 0.0554  0.120 £2
$18.69 S 0.0036(8) 0.00383 0.0108 0.0244 0.0899  0.108 £l
323.99 K 0.0099(4) 0.00379 0.0107 0.0241 0.0891  0.106 £2"
938.95 K 3.5(4) 0.00368 0.0104 0.0234 0.0471  0.101 £0+E2, M
K/L 5.2(2) 5.75 3.69 2.36 5.14 4.38
341.5 1,50.0094(7) £0
962.77 ke 0.0021(10) 000353 0.00996 0.0223 0.0441  0.0949  El
984.45 K 0:0096(3) 0.00339 0.00958 0.0213 0.0815  0.0894  E2, <3% Ml
KL 4.4(2) 5.77 3.81 2.49 5.15 4.42
(Lytbod/ly 19(2) 20.1 18.6 20.7 286 83.6
L/ 3.4(2)
1025.87 K 0.0091(4) 0.00316 0.00892 0.0197 0.0373  0.0801  E2, <3 Ml
KL 4.3(3) 5.78 3.92 2.61 5.15 4.45
1028.54 K (0.00888) 0.00888 £2
K/L 4.2(2) 5.79 3.92 2.61 5.15 4.45

a

[P s R =S o S o

Experimental values from the present measurements, normalized to the theoretical uK(EZ) value for the

1028.54-keV transition.

From the measured conversion coefficients.

Theoretical values are interpolated from the tables of Hager and Se]tzer.16

The L lines of the 44.11-keV transition were also measured, but the line-shape analysis is less certain.

Corrected for an 80% contribution from the 101.90 M lines.

From the e -KX coincidence spectrum.

Corrected for a 25% contribution from the 101.90 N Tines.

Corrected for a 22% contribution from the 319.29 K line.

May contain a contribution from a second (El) y ray of energy =924 keV.

See text.
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Table 3. Gamma rays of 282¢y

EY, keV IY Relative
101.93(4) a
157.42(5) a
336.38(15) 0.45(15)
358.0(5) (?)* 0.39(13)
459.80(2) 0.038(16)
515.25(19) 2.97(20)
561.02(10) 100
605.04(10) 69.8(20)
617.22(12) 5.36(20)°
837.01(15) 0.124(20)
897.33(10) 14.5(10)
918.7(2) 0.36(3)
938.91(10) 0.117(20)
962.8(2) 0.35(3)
974.5(3)(?) <0.13
979.80(20) 0.173(30)
983.00(30) 0.33(8)
984.5(1) O 1.31(20)

1028.5(2) 1.05(10)
1081.70(30) 0.033(10)
1118.26(30) 0.11(5)
1184.64(30) 0.33(4)
1220.19(30) 0.187(30)

a) Not measured.

b) Complex. According to the analysis in
section 4.2, the intensity can be
decomposed as follows:
03~ » 02%  5.25 :
05~ » 04%  0.11

x) Not placed in the decay scheme.
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Tahle 4. ggggagted half-1ives of octupole states in
Level

Energy, keV k1™ tij2s Ps

605.16 01- 4,7 £ 0.5

661.46 03- 3.7 £ 0.4

962.77 11~ 6.2  1.2b

985. 46 12~ 5.3  1.1b

a) Based on the rotati5n-admixing model described in the
text and the present experimental results.

b) Calculated directly from the decay of this state. The
average value of Fy for the decay of the 11~ and
12— states is equivalent to t1,2(962.77) = 5.7 ps,
t1/2(985.46) = 5.9 ps.




Table 5. Estimated E1 Transition Probabilities for Octupole States (K = 0 or 1) in Nuclei with 7>88.°2

NucTeus , , la| OTIEMOT) | Lak=0 £aK=1
0 i (< m07]), [iTiEm o™ | W W
keV
22404 +0.044(9) 1.2 x 10”
2281 £0.012(5) -0.12 0.038 3.2 2 x 10° 2 x 10%
(23.6)
230¢, +0.032 ~0.079 oigg? 1.57 4 x 103 9 x 103
7
236y, ~0.177(3)  -0.012 Ozggg 0.26 <45 x 107 : <3.1 x 108
(2.2 x 107)
238, ~0.005(2)  +0.18(8) 0.030(9) 6(2) 9 x 10* 3.2 x 10°
238, ~0.029(5)  +0.0819(39) Oi?§%g§§3) 1.69(5) 1.5 x 10% 4.3 x 10%

a) See Section 4.2 for a discussion of the data for each nucleus. Numbers in parentheses are
uncertainties in the last place(s).

b) From the directly measured half-1ife of the 01~ state.

Le



32

Table 6. Estimates of the mixing between the K = 0 and K = 1 octupole

bands.
[CLTIH 07 )] (keV) Estimated by:
Nucleus ed. 8 eq. 9 eq. 10
22%a 728 69
228y, 43 47
230y, 27 33 43
236y, 13 23 37
238y, 8 25 37
238y, 17 25 36

(a) If E(117) = 1000 keV.




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.
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Figure Captions

Internal conversion anomaly vs. Weisskopf hindrance factor for
some anomalous El transitions in the actinide region. The

Weisskopf factors are calculated as described in the text.

A small portion of the y-ray spectrum of 238

the 1 cm3 Ge(Li) detector. The weak 938.95-keV line, inferred

Np, taken with

to be present from the computer analysis shown in the figure,

242

was seen clearly in the decay of Cm.,

Partial conversion-electron spectrum of 238Np.

238Np. Energies and intensities are adopted

Decay scheme of
values, from the present work and ref. 14. Energies are shown
in bold type, absolute photon and 8~ intensities in lighter
type. Italic numbers to the right of the g~ intensities are
log ft values.

242

Decay scheme of Cm. Energies are shown in bold type,

relative photon and absolute o« intensities in lighter type.
Italic numbers to the right of the o intensities are hindrance

factors, calculated with the one-body equations of Preston.zo



34

100 [ /
/ 6877

T / 236U

o) ]

2| < / 642.4
lelke

! oL /* 84.2 »
5 / 231

. / ’

5 /° 863

c 233

e /' Pa

2 59.5

= 237

s 7 el }
F_j 239Pu

b=

-

0 | |
0° 108 10’ 108
Fw

Fig. 1

XBL 8i12-163



35

|
938.95
936.6| 941.38

LIl

%

©
=
= 103 |—
O -
|-, .
()] -
Q S
»
- B
=3
o -
Q -
102 |
930

XBL 8l12-165

Fig. 2



Counts per channel

b

984.45K

— 938.95K
- 923.98K i 94| 5K

0

L

!

| ! E |

938.95L
+
94150
+
923.98M

1028.54K
1025.87K l

L1 ] ]

l

N

8

|

|

1 1 |

800 850
Ee- (keV)

Fig. 3

900

XBL 8i2-164

VVVVV

9¢



37

2¢2.117 d

1202,51
1082,59
1069,95
/1028.54

965,46

968,2 .

982,77

941,45

763,27

605,16

145,98

60-

23

ot

op

IR 23403

9 iR %yi+ad m

23

TR %s>"Ed

fc

23

PIR %¢>°23
il

23 %9r~+iR

6.4

12.5%

2+

8.2
8.6

0.58%
0.25%

2+

L

29

1.37%

O+

&

B

0.024% 10.6

0.7

0,11%

6+

4+

g4 2+

35%

O+

238
gaPu

0+ 182.8 d

242
geCm

6.4
17

4.8x10777
5.1x10°'%

1264,.3
1228.7

a0
I

3.4x1077%

1028.54 3.4x107%%

1125.8

1.1x10°8% 290

\L941.45 5.2x10°°%

962,77

8.2

2x10°7% 27000

763,27

1,2x1073%% 1800

805,16 2.4x10°*%

661.48

790

7500

2x10-%%

514

460

0.0046%

303,40

[+ %
Nh.\

J90

0.035%

145,986

f

L7
L0

74,0%

[¢]

46,08  26.0%

238
94U

B
2+

4+

2+
ol &2

Fig.






